Abstract: This study proposes a non-singular terminal sliding mode adaptive control strategy based on a disturbance observer for a permanent magnet synchronous motor (PMSM) with multiple disturbances. Firstly, the multiple disturbances of the PMSM can be divided into two types including a load disturbance formulated by an exo-system, modelling error and circuit noise represented by a norm-bounded equivalent disturbance. Secondly, a disturbance observer is applied to estimate the load disturbance and its derivative. A non-singular terminal sliding mode controller based on the disturbance observer and an adaptive controller is designed to reject the modelled disturbance and compensate the norm-bounded disturbance. Then, the stability of the controlled system is proved by the Lyapunov method. Finally, simulation results of a PMSM control system are provided to verify the effectiveness.
Introduction
The major function of a motor is to produce the driving torque, which is used as a power source for electrical appliances or various machines. The alternating current (AC) servo drive includes induction motor and permanent magnet synchronous motor (PMSM). Among various AC servo drive, PMSM has been widely applied in robotics, numerical control machines, aerospace because of its advantages, such as small size, low noise, high starting tractive force, fast response, high power density and efficiency. PMSM is a high order non-linear system with multiple variables, strong coupling, time-varying parameter and various disturbances. High precision control of PMSM is much more challenging and has received a considerable amount of attention in the literature. At present, many advanced control methods have been applied to the motor control system (see the survey paper [1] and references therein), such as improved proportional-integral (PI) control [2] , active disturbance rejection control (ADRC) [3] , sliding mode variable structure control [4, 5] , adaptive control [6] , internal model control [7] , model predictive control [8] , neural network control [9] , and so on. Proportional-integral-derivative (PID) control has been widely used in a motor control system due to its simple controller structure [10] . As the differential control of the PID is sensitive to the system noise, PI control is commonly applied in the servo system [2] . However, the fixed parameters of the PI controller make it difficult to achieve a good performance at different speeds. The anti-disturbance performance of the PI control is also unsatisfactory. Inheriting from PID, ADRC is an error driven, rather than model based, control law (see the seminal paper [11] ). A high-gain generalised proportional integral observerbased active disturbance rejection controller was proposed for PMSM with time varying inputs, unknown parameters, and without the initial shaft's angular position in [3] . ADRC can obtain a good control precision and performance for PMSM. However, the systematic stability proof requires further research. Sliding mode control (SMC) has the merits of fast response, robustness, simple design and anti-disturbance performance [12, 13] . For the PMSM with different disturbances and uncertainties, a sliding mode control approach based on disturbance compensation techniques was investigated to compensate strong disturbances and achieve high servo precisions in [5] . Sliding mode variable structure control is essentially a kind of switch control, which causes the high frequency chartering [14] . Integral sliding mode control, adaptive sliding mode control, terminal sliding mode and other elegant approaches were proposed to reduce the chattering caused by the discontinuous switch. To improve the speed-tracking performance in the PMSM drive system, an adaptive observer was proposed to estimate the load torque and the mechanical parameters in [15] .
The PMSM control system usually compromises of the nonperiodic disturbances, such as unmodelled dynamics, current loop tracking error, motor parameter perturbation, friction torque and the periodic disturbances caused by cogging torque flux, stator current, dead time and load torque [16] . The periodic disturbance can cause the torque ripple of the PMSM, and then lead to the fluctuation in the speed and position. Effectively attenuating of non-periodic disturbance can improve the dynamic and static performance and enhance the robustness of the servo system. Therefore, anti-disturbance control problem is much more challenging and has received a considerable amount of attention in the literature [11, [17] [18] [19] . A proportional-integral feedback controller based on a disturbance observer was introduced to ensure the PMSM system stability, and convergence in [20] . A composite terminal sliding mode controller based on disturbance observer was designed to reduce chattering in [4] . An adaptive controller based on disturbance observer was proposed for a PMSM with multiple disturbances to reject the modelled load, and to compensate the norm-bounded disturbance in [21] . For a permanent magnet synchronous motor system subjected to multiple disturbances, the problem of speed control is considered in this paper. Different from the aforementioned references, the multiple disturbances of PMSM can be divided into a disturbance formulated by an exogenous system and a norm-bounded equivalent disturbance. A non-singular terminal sliding mode adaptive controller based on disturbance observer is proposed in this paper. A disturbance observer is designed to estimate the load and its derivative. Then, a non-singular terminal sliding mode control is applied to compensate the disturbance estimation error and the norm-bounded disturbance. By virtue of the disturbance observer based control and SMC, a new adaptive control approach is constructed. The proposed controller design can guarantee the closed-loop system to be stable. Finally, simulation results are demonstrated to show the efficiency. This paper is organised as follows. Problem formulation and preliminaries of the PMSM are described in Section 2. In Section 3, a composite controller is designed to reject the modelled disturbance and to compensate the norm-bounded disturbance simultaneously. A simple example is given in Section 4 to demonstrate the efficiency of the proposed method. The concluding remarks are given in Section 5. 
Notation. Throughout this paper, for a vector s(t), its Euclidean norm is defined by
∥ s(t) ∥ 2 = s T (t)s(t),
Dynamic model of PMSM
If the magnetic circuit is unsaturated, the hysteresis and eddy current losses will be ignored. In this case, the dynamic model of surface mounted PMSM in d − q frame can be expressed as follows: 
R s represents the stator resistance. n p is the number of poles. ω represents the rotor speed. J is the moment of the total inertia. T L represents the load torque. Ψ is the magnetic flux linkage. B is the friction coefficient. The vector control i d = 0 is applied in this paper. From (1), it can be obtained that
The purpose is to design a controller to achieve the desired speed. From (2), the controller is selected as follows:
where u(t) is a composite controller to be designed later. Define the speed tracking error e(t) = ω r (t) − ω(t), where ω r (t) is the desired speed. It can be seen that
From (2) and (3), it can be concluded that
where the system matrixA and parameter matrices B, B 1 , B 2 can be denoted as 
(t).
In a PMSM, the load always can be expressed as an unknown constant or a periodic harmonic. In this paper, the load d 1 (t) is supposed to be represented by an exogenous system [18, 20] 
where q(t) is the state variable of the exogenous system, M ∈ R p × p and N are the known parameter matrices.
Composite controller design
In this section, a composite controller will be designed to compensate for the multiple disturbances in permanent magnet synchronous motor. Firstly, the load is estimated by a disturbance observer. Then, a non-singular terminal sliding mode controller based on a disturbance observer and an adaptive controller is designed to implement the disturbance rejection and disturbance compensation.
Disturbance observer
In this subsection, a disturbance observer will be presented to estimate the modelled load disturbance of PMSM. The following disturbance observer is designed for system (5):
where q(t) is the estimation of state q(t). r(t) represents the auxiliary variable. The matrix H is the observer gain to be determined later.
By defining e q (t) = q(t) − q(t), the estimation error system can be obtained from (4) and (6) to show
After the modelled disturbance d 1 (t) is rejected by its estimation, H ∞ optimisation technique will be applied to analyse the stability of the estimation error system
where z ∞ (t) is the H ∞ reference output. At this stage, the objective is to find the observer gain H such that system (8) 
then with gain H = P −1 R, the estimation error system (8) is stable and satisfies the following performance:
The Lyapunov function candidate for system (7) is chosen as
Following (7), it is verified that V 1 (t) ≥ 0 holds for all arguments. Along with the trajectories of (7), it can be shown that
The H ∞ performance index is defined as follows:
where γ 1 > 0. The auxiliary function is defined as follows:
where Π = sym(PM + PHB 1 N + PHB 2 NM). Pre-multiplying and post-multiplying Ω by diag{P −1 , I}, and then setting R = PH, it can be seen by use of Schur's complement formula that (9) leads to Ξ(t) < 0. It can be concluded that J ∞ < 0, and then V˙1(t) < 0. Furthermore, ∥ z ∞ (t) ∥ 2 ≤ γ 1 2 ∥ d 2 (t) ∥ 2 can be obtained. This completes the proof.
Non-singular fast sliding mode controller
The non-singular terminal sliding mode control solves the singular problem of the terminal sliding mode control by altering the switch function purposefully. The non-singular terminal sliding mode has high steady-state accuracy and is suitable for high speed and high precision control. The sliding mode surface is designed as follows:
where F is a positive constant. q 1 , q 2 are two positive odd numbers satisfying the relationship that
Obviously, a(t) is a continuous function. From Theorem 1, it can be seen that e q (t) is bounded. Since d 2 (t) is a norm-bounded disturbance, a(t) is bounded, and can be supposed to be less than an unknown constant a 0 .
For the PMSM system (7) with multiple disturbances, the following non-singular sliding mode controller based on disturbance observer in (3) is designed as follows:
+ks(t) + (â(t) + ε)sgn(s(t))
The adaptive rate is designed as follows:
â(t) is the estimated value of a 0 , β is a positive adjustable parameter for the adaptive law. k > 0 and ε > 0 represent two adjustable parameters. Based on the differentiation to the sliding mode surface s(t), from (4) and (13), it can be seen that
−ks(t) − (â(t) + ε)sgn(s(t))] Theorem 2: For the PMSM system (4), designing the nonsingular sliding mode controller (13) and the adaptive law (14) , the sliding mode control is stable.
Proof: Define the Lyapunov function candidate as follows:
where 
In the most existing terminal sliding mode controller, the sliding surface s(t) is selected as follows:
where q 1 and q 2 are positive odd integers and satisfy q 1 > q 2 . There is a non-linear term q 2 /q 1 Fe q 2 /q 1 − 1 (t)e˙(t), when the sliding mode surface s(t) is differentiated. If e(t) = 0 established, there is a singular point. In this paper, the proposed non-singular fast terminal sliding mode method does not have the singular point in this case.
Simulation examples
The physical parameters of PMSM are selected as shown in Table 1 . Then, the coefficient matrices in ( The target angular velocity is set to be 1000 revolutions per minute (rpm) at the beginning and then up to 1500 rpm at t = 2 s. Fig. 1 shows the tracking performance of angular velocity for PMSM with slow time-varying load. The dash line represents the nonsingular terminal sliding mode controller based on disturbance observer proposed in this paper, and solid line is non-singular sliding mode controller without disturbance rejection. From Fig. 1 , it can be seen that the proposed approach has a better tracking accuracy of angular velocity than the non-singular sliding mode controller without disturbance rejection. Fig. 2 demonstrates the responses of load disturbance d 1 (t) and its estimation. The dash line is the response of the slow time-varying load, and the solid line represents the estimation of the load. Fig. 3 shows the estimation error of the load disturbance. Fig. 4 is the estimation error of the derivative for slow time varying load disturbance. From Figs. 2 to 4, the disturbance observer has a good estimation accuracy. (ii) In order to verify the efficiency of the propose method, the periodic load is also considered. The parameters of load disturbance are as follows:
The gain of the disturbance observer (6) can be obtained by Fig . 5 shows the tracking performance of angular velocity for PMSM with periodic load. The dash line represents the nonsingular estimation error for disturbance terminal sliding mode controller based on disturbance observer proposed in this paper, and solid line is non-singular sliding mode controller without disturbance rejection. From Fig. 5 , it can be seen that the proposed approach also has a better tracking accuracy of angular velocity than the non-singular sliding mode controller without disturbance rejection. Fig. 6 demonstrates the estimation of harmonic load d 1 (t). Fig. 7 shows the estimation error of the harmonic load. Fig. 8 is the estimation error of the derivative for periodic load. From Figs. 6 to 8, the disturbance observer has a good estimation accuracy.
Conclusion
In this paper, a non-singular terminal sliding mode adaptive controller based on disturbance observer is proposed for permanent magnet synchronous motor system with multiple disturbances. The multiple disturbances of PMSM can be divided into a modelled load disturbance and a norm-bounded equivalent disturbance. A disturbance observer is applied to estimate the load disturbance and its derivative. Then, a non-singular terminal sliding mode controller based on disturbance observer and adaptive controller is designed to reject the modelled disturbance and to compensate the norm-bounded disturbance and the disturbance estimation error.
The simulation results show that the proposed method has a good tracking performance and anti-disturbance performance.
